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in this study, ultrafast computed tomography, a new high
spatial and temporal resolution imaging system, was em .
ployed to define the range of sectional (tomographic) and
segmental left ventricular function in 11 normal anesthe .
tized dogs and ll normal human volunteers . After intrave-
nous infusion of contrast agent, multilevel tomographic
images of the left ventricle (apex to base) were acquired at
a rate of 17 fromesls . Analysis of these studies demon-
strated substantial but predictable heterogeneity in left
ventricular contraction from
apex to base. In dogs and
humans, for example, the average tomographic ejection
fraction of the most basal level of the left ventricle was 40%
less than that of the most apical level (p 10.05).
In humans, circumferential segmental cavity contras .
thin at the mid-papillary muscle level was relatively htmm-
Regional abnormalities in ventricular function are the hall-
mark of myocardial ischemia (1-3) . The clinical utility of
employing sectional (short-axis tomograms) and segmental
(a portion of the short-axis tomogram) left ventricular cavity
contraction as discriminators of abnormal function is predi-
cated on establishing a normal range of values for these
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geneous (range 50 to 92% for 12 wedge-shaped segments
around the tomographic circumference) if the reference
system employed an eadocardial centrotd, but was less
uniform if It used an epieardiul centrold (range 22 to 98%).
It is concluded that contraction of the normal left
ventricle in dogs and humans is heterogeneous both be-
tween levels (apex to base) and within
a single level (cir
.
cumferential cavity contraction) . However, the patterns of
cavity contraction from apex to base and circumferential
segmental cavity contraction within a given level as defined
by ultrafast computed tomography are sufficiently narrow
and predictable in m armal individuals that these variables
may be useful to define regional contraction abnormalities
in pathologic conditions.
(J Am Colt Cordial 1988;12 .'415.25)
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variables . Although it is often assumed that the normal left
ventricle contracts in a uniform and synchronous fashion (4,
5), recent studies (6-13) suggest that there is significant
heterogeneity in the pattern of myocardial contraction both
by section (apex to base) (6-9) and by segment (within any
given sectional level) (9-13).
Attempts to obtain accurate information about the tem-
poral and spatial variability of sectional and segmental left
vedi t icular function have been hindered by technical limita-
tions in cardiac imaging
. In particular, the use of nontomo-
graphic imaging techniques (contrast angiogaphy), methods
with poor spatial resolution (radionuclide angiography) or
the inability to obtain multilevel, high quality, short-axis,
spatially registered images in many patients (echocardiog-
raphy) havoc precluded realization of this goal . Moreover,
some of these techniques are dependent on fixed geometric
assumptions to determine left ventricular volumes or myo-
cardial mass . Although many of these mathematical con-
structs may be reasonable when applied to the normal left
ara5-toxtlnals3.5a
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ventricle, they are called into question when the ventricle is
misshapen secondary to ischemic or cardiomyopathic
changes .
Recently, a new cardiac imaging modality, ultrafast com-
puted tomography, has become available . The computed
Iconographic scanner permits the acquisition of high resolu-
tion, polytomographic short-axis images from apex to base
of the left ventricle at a rate up to 17 frames/s
(14).
Recent
studies from our laboratory (15-17) have demonstrated that
ultrafast computed tomography can precisely determine left
ventricular mass and volumes in dogs under clinically appli-
cable conditions. By employing the unique capabilities of
this scanner, we studied the normal pattern of sectional and
segmental left ventricular contractions in dogs and human
volunteers .
Methods
Ultrafast computed tomographic scanner. The technical
details of the ultrafast computed tomographic scanner have
been previously described (14,15) . Briefly, the scanner em-
ploys four semicircular (210°) tungsten target rings and an
electrocardiographically triggered electron beam that is fo-
cused and swept along each target ring . Each target ring is
activated in 50 ms, generating two contiguous 8 mm thick
iconographic slices from two contiguous detector arrays in
place above the subject . Each of the four target rings is
separated by a 4 mm gap. Any individual target ring may be
activated up to 17 times/s, thus effectively producing slop
action ultrafast cardiac temograms at any given level . After
each target ring has been activated for a predetermined time
period, the electron beam is then deflected to the next target
ring and serial scanning is repeated .
Experiment'rl Studies
Experimental preparation. Eleven healthy adult mongrel
dogs of either sex (weight 10 to26 kg) were anesthetized with
sodium pentobarbital (10 mg/kg intravenously) and Innovar
Vet (droperidol and fentanyl, I ml/10 kg intravenously) . This
anesthetic combination was previously shown (16) to pro-
duce minimal suppression of myocardial contractility . The
animals were incubated with a cuffed endotracheal tube and
mechanically ventilated with room air. Electrodes were
attached to provide both continuous electrocardiographic
(ECG) monitoring of heart rate and a trigger signal to the
scanner. An IS gauge catheter was placed in the fe-Joral
artery to continuously monitor arterial pressure . Nonionic
contrast medium (lohexol, Sterling Winthrop) was delivered
through a 5F pigtail catheter that had previously been
positioned in the inferior vena cava through the femoral
vein.
Tomographie imaging. Each dog was positioned in the
scanner such that short-axis (transverse) ultrafast tomogra-
phic images from apex to base could be acquired as previ-
ously described (15,16). Tomographic images without con-
trast medium were obtained to identify the scan level
immediately below the cardiac apex
. Once this level was
identified, an intravenous infusion of lohexol (0 .75 mlikg)
was delivered over a 15 s period by a powered injector . This
dose of lohexol was previously shown by our laboratory (16)
to produce minimal or no change in ventricular volumes or
systemic hemodynamics. Ten seconds after the onset of the
contrast infusion, respiration was suspended at end-
inspiration for the duration of the scanning period (3 to 6 s) .
Electrocardiographic-triggered scanning was initiated at 80%
of the RR interval, and 10 sequential 50 ms scans were
acquired at each of eight contiguous ventricular levels (this
usually constituted data from one cardiac cycle per level) .
Normal Subjects
Eleven normal male volunteers between the ages of 21
and 35 years (mean 23 ± 4) with an average body surface
area of 1 .9' 0.10 were studied . These volunteers had no
history of hypertension, diabetes or coronary or valvular
heart disease . Results of physical examination were normal,
as were those of M-mode and two-dimensional echocardiog-
raphy . All subjects gave informed consent and were studied
in compliance with a protocol previously approved by the
University of Iowa Hospital Human Subjects Research
Committee. No premedication was administered . The pa-
tients were instructed to fast for at least 4 h before the study .
Tomographic Imaging. Self-adhering electropads were
placed on the chest wall to allow for continuous ECG
monitoring as well as triggering of the ultrafast computed
tomogram . An IS gauge, 2 in. (5.08 cm), intravenous cathe-
ter was placed in a large right antecubital vein. The patients
were positioned in the scanner to obtain short-axis tomo-
grams from apex to base . This was accomplished by employ-
ing a combination of cranial tilt and clockwise slew of the
imaging table, as previously described (18). Briefly, position-
ing was performed with the aid of previously obtained
posteroanterior and lateral chest radiographs . The angle of
table slew was determined from the angle from the vertical of
a line drawn through the presumed long axis of the left
ventlicte (18) in the anterior projection . Because only 15' of
cranial angulation could be obtained by tilting the table,
foam rubber wedges of various angles were used to elevate
each patient's thorax, thereby increasing the angle of cranial
angulation. Usual!y 15 to 20' of clockwise slew and 20 to 30'
of cranial elevation were needed to obtain adequate short-
axis (transverse) tomograms of the left ventricle . Localiza-
tion scans were obtained to determine the level of the left
ventricular apex . The patient was then mechanically moved
into the scanner to assure that the most caudad tamographic
image was obtained at a level one Iconographic slice below
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the presumed apex of the heart . This ensured that all patients
would be subsequently imaged in a uniform fashion.
Once the patient was positioned, an estimation of circu-
lation time (arm to tongue time) was determined during
normal respiration after a bolus injection of 10 ml of a dilate
(0.2%) solution of magnesium sulfate . Determination of the
arm to tongue circulation time facilitates the accurate timing
of the contrast injection and scanning sequence . Contrast
injection was performed with a powered injector that deliv-
ered an infusion of 0.35 ml/kg of meglumine diatrizoate
(Conray 400) for a time interval rougnly equal to the arm to
tongue circulation time. This method of contrast delivery
assured that adequate right and left ventricular opacification
would be present throughout the scanning sequence . Imme-
diately before scanning, the patient was instructed to breathe
normally during contrast infusion and to suspend respira-
tions at roughly half the normal inspiratory volume approx-
imately 5 s before the initiation of scanning . Electrocardio-
graphic-triggered scans near end-diastole (commencing at
80% of the RR interval) were begun two-thirds of the way
through the contrast infusion . During each contrast infusion,
two target rings were activated sequentially (20 images at a
rate of 17 imagesicycle), thus interrogating roughly 4 cm of
myocardium . Because acquisition of each frame takes 58 ms
(50 + 8 ms interscan delay), the imaging sequence (1 .16 s)
always encompassed the entire cardiac cycle
. After a 2 to 5
min interval, the patient received another injection of con-
trast medium and the two more cephalad target rings were
activated . When further imaging was required to complete
the study, the patient was withdrawn from the scanner an
additional 4 cm and the procedure repeated until the entire
left ventricle had been imaged . The data set, therefore,
constituted scans throughout at least one cardiac cycle at
each tomographic level . Total visualization of the entire
normal human left ventricle necessitated interrogation of 8 to
I I tomographic levels
. Arterial pressure was measured by
cuff before and immediately after each injection of contrast
medium
. There were no significant changes in heart rate or
arterial pressure between scan runs
.
Data Analysis
General data analysis. For both animal and clinical stud-
ies, the data were analyzed in an identical fashion . At each
ventricular level, the sequential tomograms were displayed
as a continuous cine loop and evaluated for clarity of image
and adequacy of opacification of both the right and left
ventricular cavities
. Adequate opacification of both ventri-
cles was necessary to allow assessment of the interventricu-
lar septum. For a study to be included in the final analy°is,
data from a complete cardiac cycle had to be available and
the right and left ventricular endocardial surfaces well cpa-
cified . Eleven consecutive animal studies were performed,
and no data were excluded from analysis
. Thirteen consee-
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olive human studies were performed
. One of these studies
was terminated before its completion because the patient
developed nausea related to the injection of contrast me-
dium
; a second study was excluded from analysis because of
inadequate opacification of the ventricular endocardial sur-
faces. Subsequently data were analyzed from the remaining
I I normal human studies .
The
end-diastolic frame was temporally defined as that
scan that was acquired at the peak of the ECG R wave . The
end-systolic frame was functionally defined as a tomographic
scan with the smallest apparent endocardial area per tomo-
graphic level during the cardiac cycle
. The epicardial and
endocardial boundaries of each ventricular slice from apex
to base were traced with use of a previously validated (15)
edge detection algorithm. After the boundaries were identi-
fied, the endocardial and epicardial areas were automatically
determined
. All sectional short-axis tomograms from left
ventricular apex to base were analyzed . The apical segment
was defined as the lowest tomographic section that con-
tained a clearly identifiable endocardial boundary at end-
diastole. The cardiac base was defined as the end-diastolic
scan immediately below the level at which the aorta ap-
peared as a distinct circular structure .
Left ventricular mass and volume. Global left ventricular
volume was calculated as the sum of the individual scan
sections from the apex to the aortic valve (modified Simp-
son's rule)
. Because a 4 mm gap of unscanned myocardium
existed between adjacent target rings, myocardium that was
not scanned was accounted for by linear interpolation be-
tween the slices above and below the gap . Left ventricular
stroke volume was determined as the total apex to base
volumetric difference between end-diastolic and end-systolic
volume
. Global ejection fraction (left ventricular end-diastolic
volume minus end-systolic volume divided by left ventricular
end-diastolic volume) was also calculated. Left ventricular
mass index and end-diastolic and end-systolicvolume indexes
were calculated by dividing the respective values by the body
surface area obtained from standard tables .
Sectional and segmental endocardial contraction . During
evaluation of apex to base regional cavity ejection fraction,
some tomographic levels were excluded . Al the most basal
ventricular levels, the end-systolic left ventricular contours
merged with those of the left atrium, forming a horseshoe-
shaped configuration that precluded accurate definition of
the left ventricular cavity around its entire circumference .
Segmental contraction was also not evaluated in the most
apical scans because (as will be demonstrated) global ejec-
tion fraction approached 100% and precluded meaningful
evaluation of segmental contraction . A sectional (lomcgra-
phic) cavity ejection fraction was calculated, commencing at
the cardiac base at each tomographic level, as the difference
between end-diastolic and end-systolic cavity area divided
by end-diastolic cavity area.
The relation between segmental area endocardial con-
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traction was evaluated at three anatomically distinct and
well defined left ventricular levels (high, mid- and low
papillary muscle levels) in the human volunteers . Segmental
contraction was not evaluated at the remaining tomegraphic
levels in each patient because of the lack of distinct anatomic
landmarks for intersubject comparison.
The high papillary muscle level was defined as the first
short-axis tomogram from the cardiac base in which at least
one papillary muscle (anterolateral) could be distinctly iden-
tified in systole, but not visualized during diastole, and in
which the end-systolic contour of the left ventricular cavity
was continuous (because of descent of the cardiac base
during contraction) . The mid-papillary muscle level was
defined as the level where both papillary muscles were
visualized in systole, and the low papillary muscle was
defined as the most apical level where, again, only a single
papillary muscle (posteromedial) was visualized in systole .
These three anatomically distinct left ventricular tomogra-
phic levels were usually, but not always, immediately con-
tiguous (Fig
. 1). To evaluate the effect of temporal asynergy got.."
of segmental and sectional endocardial contraction, three
perisystolic images separated by 50 ms each were evaluated .
They were the previously defined end-systolic images as well
as images obtained 50 ms before and after this designated
end-systolic image .
For analysis of segmental cavity contraction, the end-
diastolic and systolic images were transferred to a PDP 11134
computer interfaced with a Ramtek video image display
system
. The myocardial boundaries were delineated employ-
ing the computer-assisted edge detection algorithm noted
previously . Papillary muscle segments were included in the
endocardial contours for both dogs and patients (Fig. 1) . An
anatomic reference point was placed at the junction of the
anterior endocardium of the right ventricular free wall and
the right ventricular septa) endocardium . Both epicardial and
endocardial centers of mass (centroids) for each left ventri-
cular tomogram were determined for each end-diastolic and
systolic frame . From the cenlroid, equally spaced radii
(every 30') were generated by computer, dividing the ven-
tricular cavity into 12 wedge-shaped area segments (Fig
. 1) .
From the identified anatomic landmark. a chord was ex-
tended through the center
of mass of the ventricular slice
(epicardial or endocardial centroid) to the most distant point
on the opposite epicardial wall . A floating reference system
was employed, whereby the systolic images were aligned
and corrected for rotation and translation with reference to
the diastolic images . The computer then calculated the
sectional as well as the segmental changes in the endocardial
area during contraction .
Statistical analysis . All data are presented as the mean ±
I SD unless otherwise indicated . The end-diastolic and
end-systolic tomographic areas for dogs and humans were
plotted as a function of ventricular tomographic level (w: . i
the apex defined as level 1) . A second order polynomial
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Figure 1. Endocardial and epicardial contours in a normal volun-
lcci al the high, mid- and low papillary (Pap
.) muscle levels
. The
computer-derived division of the contours into twelve 30' radial
segments (endocardial centroid) is superimposed . The shaded areas
represent segments containing papillary muscles .
equation was fit to the individual data points by the least
squares method
. Friedman's two way analysis of variance
(ANOVA) was applied to both canine and human data .
Significant ANOVA results (p <_ 0
.05, two-tailed) were
further analyzed by the Neuman-Keuls multiple comparison
test with alpha = 0 .05 to identify significant differences
between left ventricular levels (sections) or between seg-
ments within ventricular levels .
Results
Hemodynamics and global
ventricular
function. The heart
rate, mean arterial pressure, global left ventricular ejection
fraction and left ventricular mass for the dog and human
studies are presented in Table I . The mean ejection fraction
JACC Val. 12, No .2
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Table 1 . Hemodynamic Data and Global Left Although changes in sectional ejection fraction ascending
Ventricular Function
from apex to base demonsnated a modest degree of hetero-
geneity, these changes proceeded in an orderly fashion that
could best he described with a second order polynomial
curve that fit the mean data with the correlation of r = 0 .99.
Clinical studies (Fig
. 4)
. Sectional ejection fraction was
evaluated in eight shortaxis levels in the I t normal volun-
teers. qualitatively similar results were observed in the
normal volunteer and animal studies despite a larger number
of ventricular levels that could be analyzed in the human
studies. Comparable with findings in the animal cohort, the
normalized sectional ejection fraction was least at the base
and greatest at the apex (range 56 to 99%) . In the absence of
regional or global abnormalities in left ventricular function,
mid-level sectional ejection fraction closely approximated
the global left ventricular ejection fraction, whereas values
at the more apical and basal levels overestimated or under-
estimated global ejection fraction . Although the changes in
ejection fraction from apex to base in humans were more
Figure 2 . Left ventricular (LV) end-diastolic volume, end-systolic
volume, stroke volume and ejection fraction in the I I normal male
volunteers . End-diastolic and end-systolic volumes arc normalized
for burly surface area (ml/m e) . Normal (NI) values from other
reported studies (19,20) are noted below the data for end-diastolic
and systolic volumes and ejection fraction .
LV End-Diastolic LV End-Systolic
Volume (ml/Mt) Volume (ml/M')
EF = ejection fraction ; LV = left ventricular.
and left ventricular mass in the animal studies were 49 ±
4 .2% and 90 = 14 g, respectively. The mean global ejection
fraction and left ventricular mass in the human studies were
70 - 6.4% and 187 ± 31 g, respectively . In the human
studies, the left ventricular mass index averaged 99 .7 - 15 g/
m2 (range 78 to 124) . The range of left ventricular stroke
volume, ejection fraction, end-diastolic ae!ume and end-
systolic volume in the normal volunteers is presented in
Figure 2 . These results for end-diastolic and end-systolic
volumes using ultrafast computed tomography in normal
subjects are consistent with data from previous angiographic
studies (19,20) .
Left ventrietelar sectional cavity ejection Fraction . Animal
snrdies (Fig. 3) . Left ventricular sectional ejection fraction
was evaluated for five shore-axis tomographic ventricular
levels in the dogs as a function of their relative apex to base
position . Sectional ejection fraction for each level normal-
ized for global ejection fraction is shown in Figure 3 . In all
cases, the normalized sectional ejection fraction was lowest
at the base and greatest at the apex (range 49 to 93%) . NI = sasmo
Case No.
Heart Rate
tteatslmim
Mean Aortic
Pressure
(mm HP)
Gmbel
EF
(71)
LV
Mass
Ig1
Animal Studies
I 110 70 50 120
2 105 60 44 78
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1 60 95 67 153
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9 66 94 66 157
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II 76 90 73 188
Mean 70 187
aSs 6.4 31
ml/MI
Ian-
nOD
N=17
J
m1/M'
Is
so
-
17e1
50 -
to
0 0
~Itat
m - raeeo musF
Lv Stroke
Volume
w-a4ero-.M
LV Election
Fraction
%
'°
Is0 I I
'00
~=
3
7s
so
,rprul
loo -
l
.-OM
.
so -
o
es
0
4 20
	
FEIRING ET AL.
REGIONAL LEFT VENTRICULAR ASSESSMENT BY ULTRAFAST COMPUTED TOMOGRAPHY
1
2.0
[Cavity EF, 10
Global E JF
5
y= 1.74-0
.32X-0 .03x
7
amba LvEF = e2
•s
al l	I
2
3
4
Apex Levels Bade
Figure 3. Sectional tomographic ejection fraction (Cavity EF) nor-
malized forgtobal left ventricular (LV) ejection fraction (Global EF)
(y axis) versus ventricular level (,
axis) in the I I dogs . Level I
represents the apex; level 5 represents the base .
heterogeneous than those in the Unimal group, Ihese changes
also proceeded in an orderly fashion at each ventricular
level. The data from the 8 sectional levels (total letels
analyzed = 72) could be fit to a second order polynominal
equation with the correlation coefficient of r = 0 .98 (Fig. 4).
For differences between mean ejection fraction at each
tomographic level, ANOVA demonstrated significant differ-
ences between levels 1, 2,3 and 4 (most apical levels), but no
significant differences between levels 5, 6, 7 and 8 (mid-
ventricular and basal levels) .
Left ventricular end-diastolic and end-systolic volumetric
relations from apex to base (Fig . 5 and 6). The absolute
relations between end-diastolic and end-systolic volumes
(tomographic endocardial area times slice thickness) is dem-
onstrated for dogs in Figure S and for normal human volun-
teers in Figure 6. The data for both groups are qualitatively
similar . The end-diastolic tomographic volumes were least at
the apex and progressively increased up to the mid-
Figure 4. Sectional tomographic ejection fraction (Cavity EF) nor-
malized for global ejection fraction (y axis) versus ventricular level
(x axis) in the II normal volunteers. Level I represents the apex ;
level 8 represents the base . Other abbreviations as in Figure 3 .
1s -
r = O. e6
y - X-0.01°
Globe) LVEF
sore
= 68c7
I 2
•
5 B
Apex Level # Base
Figure 5 . End-diastolic and end-systolic volume (y axis) versus
ventricular level (x axis) in the I I dogs . Level I represents the apex
;
level S represents the base . Abbreviations as in Figure 3
.
ventricular level and then remained relatively constant as the
base of the left ventricle was approached. The curve fit that
best described the changes in end-diastolic volume from
apex to base was y = 4.4 + 6.4x - 0 .5 x 2 (r = 1 .0) for the
animal studies and y = 4.2 + 5.8x - 0 .32 x7- (r = 0.99) for the
normal volunteer studies . The end-systolic apex to base
tomographic volumetric changes for both animal and human
volunteers could best be described by the equation y = -2 .9
+ 2 .8x -
0.2x2 (r = 0 .99) for dogs and y = 2 .2 v
1 .8x -
0.06x2 (r = 0.99) for humans .
The difference between any parallel end-diastolic and
end-systolic point pairs in Figures 5 and 6 represents the
absolute stroke volume at that particular tomographic level .
The integrated area between the end-diastolic and end-
systolic volume curves represents global stroke volume .
These curves demonstrate that the actual volumetric contri-
bution to global stroke volume is greatest at the basal
segments and least at the apex . Qualitatively, the canine and
human volumetric curves are similar, with the the notable
exception that the slope of the human left ventricular end-
Figure 6. End-diastolic and end-systolic volume (y axis) versus
ventricular level (x axis) in the II normal volunteers, Level I
represents the apex ; level 8 represents the base . Abbreviations as in
Figure 3.
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Table 2 . Systolic Left Ventricular Wall Thickening Obtained With
Three Linear Methods'
Endocardial Ccnlroid Epicardial Centreid
(%) 1%)
'See text for details : tp < 0.001 .
diastolic curve as well as changes in stroke volume reach a
plateau and begin to level off at the mid- to high papillary
muscle levels (level 6 and above) .
As in the analysis of sectional ejection fraction, ANOVA
showed statistically significant differences in end-diastolic
and end-systolic volumes between levels 1, 2, 3 and 4 (p c
0
.05), but no significant differences in these parameters for
levels 5, 6, 7 and 8.
Segmental endocardial contraction within ventricular levels
(Fig . 7). Because the range of segmental contraction is
primarily of clinical interest for defining the range of normal-
ity, this variable was only evaluated in the data obtained
from human subjects. Segmental endocardial area contrac-
tion was evaluated in 9 of the I1 volunteers at the high, mid-
and low papillary muscle levels, as previously described .
The data from two subjects were excluded in this portion of
the analysis because of suboptimal contrast enhancement,
which may have falsely amplified uncertainties in precise
border identification . These potential errors are very impor-
tant when analyzing sectional ejection fraction data, but
have only a modest effect on global tomographic data
analysis . Therefore, a total of 324 wedge-shaped segments
was analyzed.
a of Segment .
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Figure 7. Range of segmental area cavity ejection fraction in the I I
normal volunteers at the low, mid-and high Papillary muscle levels
(LPM . MPM and HPM, respectively). The ranges are shown for
both epicardial and endocardial centmids (108 segmentsneve0 .
Figure 7 graphically demonstrates the range of segmen-
tal easily area
contraction calculated at each of the three
ventricular levels by employing an epicardial center of mass
(upper panel) and endocardial center of mass (lower panel) .
The average segmental ejection fraction obtained with use
on the epicardial centroid was 65 ± 15% for the high
papillary muscle level . 73 ± 17% for the mid-papillary
muscle level and 74
. 17%
for the low papillary muscle
level . The average segmental ejection fraction obtained with
the endocardial centroid was 69 ± 11% for the high papillary
muscle level, 73 *_ 11% for the mid-papillary muscle level
and 74 ± 10% for the low papillary muscle level (p = NS
compared with the epicardial centroit'.). The range of seg-
mental endocardial ejection fraction across all levels was 22
to 98% when calculated by an epicardial centroid . When the
endocardial centroid was employed, a pronounced reduction
(50 to 92%) in the range of segmental contraction and of
intersegmeut variability at a given level in any given subject
was observed (Fig . 8).
Assessment of the contribution of temporal asynergy of
contraction to the variability of cavity ejection fraction. Eval-
uation for potential contributions related to temporal asy
nergy of contraction within tomographic levels, employing
the frame immediately preceding or immediately succeeding
the original end-systolic (smallest cavity area) frame, did not
decrease the observed heterogeneity in segmental ejection
fraction. Although 16% of the segments reached maximal
contraction before or after the designated "awe" end-
systolic frame, the average magnitude of the difference in
absolute segmental contraction averaged 4.8 ± 4.6% of th
maximal contraction reached by that segment .
Thus, there was no statistically significant difference in
the patterns (variance) of temporal contraction between the
high, mid- or low papillary muscle regions using each of the
three end-systolic frames evaluated at each level . Conse-
Including Papillary Muscles
Method I
Level 1 98 x 61 1112 ± 64
Level2 100
'-
54 111 0 59
Level, 96 *_ 49
96 _ 49
Method II
Level 1 92 0 50 95 *_ 51
Leeel2 96 0 42 102 * 44
Level 3
92 x 43 87 ! 43
Method III
Level 1
93 0
60 102 ' 64
Leve1 2
95 z 49 109 ± 53
Level 3 92 ± 4R 96- 47
Exclodi:e Papillary Muscles
Method I
Level 1 69 .9 ± 381
72 ± 375
Level Z
77 ± 40 04 ± 375
Level 3 95 x 35, 81 x 30+
Method II
Level 1 71 '- 391 7 3 ± 34)
Level 2 8) ± 345 SS = 35t
Level 3 88'_361 go 31,
Method III
Level 1 63 ^_ 395 71 ± 375
Level 2 79 ± 391 88 *_ 431
Level3 s6 3 371 83 *_ 321
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Figure 8. Percent standard deviation of segmental area cavity ejec-
tion fraction (EF) across all 12 segments in each normal volunteer (n
= 9) obtained with use of the epicardial (EP) and endocardial (EN)
centroid calculations, Note a pronounced and consistent reduction
in the variability of contraction obtained with an endocardial can
.
troid versus an epicardial centroid .
quently, an attempt to correct for any temporal asynergy of
.ontraction within a given lomographic level failed to sub-
stantially reduce the variability in the observed heterogene-
ity of segmental area changes during contraction .
Segmental endocardial area contraction after excluding
segments containing papillary muscles . Conformational
changes in the papillary muscles during contraction are not
considered to contribute to overall left ventricular systolic
function. Previous studies using two-dimensional echocar-
diography (11) and ultrafast computed tomography (22,23)
excluded papillary muscle segments from analysis or inter-
polated the endocardial contours in the region of the papil-
lary muscles from the contours immediately adjacent to
these segments. To evaluate the potential contribution of
segments containing papillary muscles to the overall non-
uniformity of circumferential endocardial area contraction,
we excluded these segments from analysis at each of the
three ventricular levels examined . Segments containing pap-
illary muscles were visually identified from hard copy con-
tours of the endocardial and epicardial surfaces and refer-
ence radii at each level (Fig . 1).
With use of the endocardial and epicardial centroids,
analysis of 9 to 12 segments (n = 87, 81% of total) was
evaluated for the nine individuals at the high papillary
muscle levct, 6 to i2 segments (n = 82, 76% of total) at the
mid-papillary muscle level and 9 to 12 segments (n = 85, 79%
of total) at the low papillary muscle level . When an epicar-
dial centroid was used, the segmental endocardial area
contraction averaged 64 ± 14%a at the high papillary muscle
level, 66 ± 15% at the mid-papillary muscle level and 67
13%
at the low papillary muscle level (p = NS compared
with analysis including papillary muscle segments). When an
endocardial centroid was used, the segmental endocardial
area contraction averaged 67 ± 9% at the high papillary
muscle level, 71 ' 9% at the mid-papillary muscle level and
JACC Vat, 12 . No. 2
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73 ± 9% at the low papillary muscle level (p = NS compared
with analysis including papillary muscle segments) . The
range of segmental contraction at all levels using either
centroid did not statistically differ when considering analysis
with and without papillary muscle segments
. Figure 9 dem-
onstrates the range for segmental contraction at the mid-
papillary muscle level using an endocardial centroid with and
without inclusion of segments containing papillary muscles .
Generally, the excluded papillary muscle segments ac-
counted for most values of segmental contraction that were
>85%.
Discussion
Patterns of left ventricular contraction . Two important
observations can be made from analysis of the normal
pattern of circumferential (segmental) and apex to base
(sectional) left ventricular function presented in our studies :
I) Sectional cavity ejection fraction from apex to base is
strikingly heterogeneous in dogs and humans . Sectional
cavity ejection fraction is greatest at the apex and decreases
with each ascending tomographic level. However, the
changes between levels occur in a definable and relatively
uniform pattern .
2) Regional segmental endocardial contraction is mildly
heterogeneous in character at the high, mid- and low papil-
lary muscle levels in normal young male volunteers . How-
ever, the patterns of contraction are highly dependent on the
method of data analysis . Compared with the application of
an epicardial centroid as an origin, an endocardial centroid
results in a more narrowly defined normal range of values for
segmental endocardial area contraction . Exclusion of seg-
ments containing papillary muscles from analysis did not
significantly reduce the calculated degree of variability of
segmental endocardial area contraction .
Figure 9. Range of calculated segmental cavity area ejection frac-
tion in the normal volunteers obtained with an endocardial centroid
at the mid-papillary muscle level, including ail segments analyzed
(With Papillary Muscle) and after excluding segments containing
papillary muscles (Without Papillary Muscle) .
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Apex to base heterogeneity of left ventricular function
. In
our studies of both dogs and humans, significant variations in
left ventricular sectional ejection fraction trom apex to base
were observed . Qualitatively similar findings were reported
by Haendchen et al . (9) employing two-dimensional echo-
cardiography . These investigators observed a cavity ejection
fraction of 60% at the apex and 40% at the base for both
humans and closed chest dogs
. In our studies, we noted a
much larger degree of apex to base heterogeneity of contrac-
tion . These quantitative differences are best explained by the
limitations of echocardiographic imaging imposed by the
necessity for an adequate acoustic window and the greater
absolute number of ventricular sections evaluated b
,l ultra-
fast computed tomography . As lower ventricular levels are
echocardiographically interrogated, the angle of the trans-
ducer becomes progressively more oblique with reference to
the long axis of the
ventricle.
Compared with the nearly
parallel multilevel slices obtained with uttrafast computed
tomography, the progressively oblique multilevel slices ob-
tained with echocardiography may underestimate any degree
of apex to base heterogeneity that existed .
Evaluation of volumetric data front the !uanan studies of
apex to base systolic function
demonstrated that at the basal
sections (levels 6, 7 and 8 ; Fig . 8), the human left ventricle
can be conceptualized as a concentrically contracting cylin-
der and, for the more apical and mid-ventricular sections
(levels I to 5), as a contracting conical structure. Because
our data indicate that approximately 55% of the left ventric-
ular stroke volume in normal humans is delivered by the
three most basal tomographic sections, this finding is con-
sistent with the often clinically observed situation after
recurrent myocardial infarction in which cardiac output is
relatively well maintained as long as left ventricular basal
fraction is spared.
Segmental wall motion. Earlier angiogrrphic studies (4) in
which analysis of endocardial motion was performed along
the full extent of the left ventricle suggested that contraction
was a symmetric process . However, more recenry, selec-
tive tomographic studies (9) of normal left ventricular con-
traction concluded that contraction witnin and between
levels is heterogeneous . For example . a study with two-
dimensional echocardiography from our laboratory (8) in
normal humans demonstrated the range of segmental area
change in the left ventricle of a normal individual to be 0 to
100%
. Application of this broad range of normal segmental
area contraction to patients would be expected to severely
limit the use of segmental wall motion abnormalities as
markers of regional ischemia, even though under ideal
conditions, regional contraction abnormalities have been
shown (3,24,25) to be sensitive indicators for physiologically
significant reductions in blood flow .
The factors that contribute to the calculated naruoriform-
iry or heterogeneity of segmenta? left ventricular conimcrion
can he classified
info two broad
categories:
physiologic and
423
technical . Physiologic factors include the variable time of
left ventricular activation (11,12,26), variable left ventricular
regional blo, , d flow (27), regional anatomy (fiber orientation,
wall thickness) (28) and external forces (right ventricular
pressure. intrathoracic pressure and the like). As a conse-
quence of these physiologic factors, there is no reason to
expect that the left ventricle should contract in a manner that
is temporally or geometrically homogeneous .
Technical faetnrs
. The measured heterogeneity of left
ventricular contraction related to physiologic forces can be
e>:aggerted by a host of technical factors that confound
approaches to assessing regional left ventricular motion .
Arlifactual factors are related to the complex motion of the
heart in three-dimensional space and conformational
changes that occur during contraction . These include trans-
lation, rotation, base to apex shortening along the ventricu-
lar long axis and differential rotation among levels (torsion) .
Problems with accurate border recognition, image registra-
tion and constraints of the reference system utilized to
analyze the data also contribute significantly to data analysis
artifacts . The importance of these technical factors is em-
phasized by one of the observations in our study. We
calculated that the variability of segmental contraction
(floatingreferencssystem) around the shortaxis endocardial
circumference decreased by nearly 50% when an endocar-
dial as opposed to an epicardial centroid was used as a
reference origin. Unfortunately, in the presence of segmen-
tal left ventricular contraction abnormalities, the use of an
endocardial centroid may minimize the calculated extent of
contraction abnormalities . For instance, a dyskinetic seg-
ment described with use of an epcardial reference system
may appear akinefic or hypokinetic with use of an endocar-
dial centroid because the centroid is displaced toward the
dyskinetic segment . The appropriate reference system for
ultrafast computed tomogrphic studies has not been defined
and may vary depending on the goal of the analysis. Recent
approaches that employ nonreference-dependent methods to
assess regional left ventricular contraction may resolve the
issue (29).
Advantages
of ultrafast computed tomography . The
temporal and spatial resolution of ultrfast computed tomog-
rphy does not effectively eliminate all problems associated
with the assessment of regional left ventricular function,
However, as opposed to other commonly used diagnostic
systems-two-dimensional echocardiography, digital sub-
traction angiography, contrast ventriculogrphy, radionu.
clide ventriculography-uttrafast computed tomography
provides polytomographic images of the left ventricle that
are mutually parallel
. Spatial resolution around the entire
endocardial and epicardial surfaces of a tomographic slice is
excellent, and our border recognition approach has been
carefully validated (15,16)
. Furthermore, the introduction of
nonionic contrast agents to ultrfast computed tomogrphic
studies will allow for a substantial reduction in any hemo-
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dynamic perturbations that may subsequently alter left ven-
tricular function (16,30) .
In our opinion, these attributes of ultrafast computed
tomography considerably limit artifacts that contribute to
the apparent heterogeneity of regional left ventricular con-
traction. Therefore, left ventricular segmental contraction
defined with ullrafast computed tomography may be closer
to the true physiologic state than that described using other
techniques
. Additionally, the exclusion of cavity segments
containing papillary muscle does little to reduce the variabil-
ity observed . Because the range of normal left ventricular
segmental cavity contraction defined by ultrafast computed
tomography in normal subjects is only mildly heterogeneous
and relatively narrow, it is likely that quantitation of
seg-
mental abnormalities characteristic of
ischemic wall motion
within a given transverse left ventricular segment will be
clinically useful. This may be particularly true if the patterns
of contraction are evaluated during
physiologic stress. Pre-
liminary studies from our laboratory (31) that evaluated
contraction during dobutamine infusion demonstrated a uni-
form increase in overall sectional (apex to base) cavity
ejection fraction and a substantial reduction in the heteroge-
neity of
segmental cavity area contraction at a given left
ventricular level .
Clinical implications. In this study, we used ultrafast
computed tomography to examine
and define the normal
range of sectional left ventricular contraction from apex to
base as well as the patterns of circumferential contraction in
distinct tomographic areas
of
the mid-ventricle in patients.
By employing ultrafast computed tomography, we demon-
strated that the apex to base sectional ejection fraction and
segmental fractional area contraction
in normal subjects are
relatively uniform and predictable . This quantitative ap-
proach can be employed in up to eight sectional levels and 96
segmental cavity areas during a single injection of contrast
medium . Consequently, ultrafast computed tomography for
cardiac evaluation may prove to be a sensitive means of
detecting abnormal endocardial contraction in patients with
ischemic heart disease.
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